ABSTRACT The transbilayer distribution of phospholipids in Bacillus megaterium is asymmetrical, with twice as much phosphatidylethanolamine internally as externally (Rothman, J. E. & Kennedy, E. P. (1977) J. MoL BioL 110,[603][604][605][606][607][608][609][610][611][612][613][614][615][616][617][618]. We now report that the biosynthesis of phosphatidylethanolamine is also asymmetrical. Newly synthesized phosphatidylethanolamine was found first on the cytoplasmic side of the membrane of pulse-labeled cells and later was redistributed until the specific radioactivity of the outer face became equal to that of the inner face of the bilayer. The rate of transmembrane movement is at least 30,000 times faster than the rate of spontaneous diffusion (flip-flop) of phosphatidylethanolamine across artificial phospholipid bilayers, indicating that transmembrane movement must be a facilitated process in living cells, perhaps involving membrane proteins.
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Although considerable progress has been made in the elucidation of the architectural arrangement of lipids and proteins in membranes (1) (2) (3) , little is known about the mechanisms by which the topography of these structures is determined. Because lipid bilayers in biological membranes are generally asymmetrical structures (3), a topological analysis of phospholipid biosynthesis should be valuable for understanding how membranes are assembled.
Techniques are thus needed to distinguish the phospholipids of the two faces of a membrane to determine if newly synthesized lipid is inserted exclusively into one face of the membrane or into both faces simultaneously. The distribution of phosphatidylethanolamine across the cytoplasmic membrane of Bacillus megaterium has been determined by means of nonpenetrating reagents (4) . It was found that the phospholipids are asymmetrically distributed, with 67% of the phosphatidylethanolamine on the cytoplasmic side of the membrane and 33% of the phosphatidylethanolamine on the extracellular side. This conclusion was derived, in part, from the following observations (4). 1 . Trinitrobenzenesulfonic acid (TNBS) does not enter cells at 30. At this temperature, no more than 33% of the cellular phosphatidylethanolamine can be modified by the reagent to form the trinitrophenyl derivative of phosphatidylethanolamine, Tnp-phosphatidylethanolamine. 2 . At 150 TNBS slowly enters cells of B. megaterium, permitting at least 90% of the cellular phosphatidylethanolamine to be modified with biphasic kinetics. The fast-reacting component (representing external phosphatidylethanolamine) contains 33% of the total and has a half-time of 2 min. The slow kinetic component (representing internal phosphatidylethanolamine) contains 67% and reacts with a half-time of about 40 min. (10 , uCi/ml) .
Modification of External Phosphatidylethanolamine with TNBS. After pulse-labeling, cells were chilled in an ice bath. Subsequent manipulations were carried out at 0°-4°. Cells were washed twice with one volume of 0.1 M KCI containing 50 mM potassium phosphate at pH 7.9, and were resuspended in 2.5 ml of the same buffer. The cells were then incubated with 3 mM TNBS at pH 8.1 at 30 for 2 hr as described to convert all external phosphatidylethanolamine to the trinitrophenyl derivative (4). After treatment, cells were precipitated with 5% (wt/vol) trichloroacetic acid with bovine serum albumin (0.25 mg/ml) as carrier.
Separation of Internal from Derivatized, External Phosphatidylethanolamine. Lipids were extracted from the cell pellets and were separated by thin-layer chromatography in two dimensions. The first dimension (X) was developed with chloroform/methanol/water and then with ketone-containing solvent (4). The second dimension (Y) was developed with ketone-containing solvent (4) .
The phosphatidylethanolamine and Tnp-phosphatidylethanolamine spots, representing phosphatidylethanolamine from the inner and outer layers of the cell membrane, respectively, were cut out and the lipids were eluted with methanol. Total Escherichia coli phospholipids (0.4 ,umol), the gift of M. Snider, were added to eluates from the phosphatidylethanolamine spots as carrier. Likewise, trinitrophenylated E. coli phosphatidylethanolamine (0.2 Mumol) was added as carrier to eluates from Tnp-phosphatidylethanolamine spots. The lipids were subjected to mild alkaline hydrolysis (5) , and the deacylated, water-soluble derivatives were extracted (5 (4) . The phosphatidylethanolamine (PE) and Tnp-phosphatidylethanolamine (TnpPE) spots were located by autoradiography and their radioactivity was counted. About 25% of the total phosphatidylethanolamine was converted to the trinitrophenyl derivative by this procedure, representing primarily external phosphatidylethanolamine (4). Inset shows the early time points in more detail. megaterium, uniformly labeled by growth in the presence of mPi, was pulse-labeled by the addition of 32p; to the medium.
At intervals, samples of the pulse-labeled culture were removed, and these cells were briefly (4 min) incubated with TNBS at 150. This short incubation selectively converted most of the external phosphatidylethanolamine to Tnp-phosphatidylethanolamine, with little modification of internal phosphatidylethanolamine [the half-times for modification of external and internal phosphatidylethanolamine are 2 and 40 min, respectively, at 15° (4)]. Fig. 1 shows the 32P/MP ratio of external (Tnp-phosphatidylethanolamine) and internal (phosphatidylethanolamine) pools. At all times the ratio of isotopes in Tnp-phosphatidylethanolamine was less than the ratio in phosphatidylethanolamine, and this difference was most pronounced at the earliest times. If newly synthesized phosphatidylethanolamine were to appear nonselectively in internal and external pools, the 32P/osP ratio of phosphatidylethanolamine would equal that of Tnp-phosphatidylethanolamine at all times. Instead, it seems that newly synthesized phosphatidylethanolamine appears in the external pool only after a delay of the order of minutes.
Similar results were obtained when cells were pulse-labeled at 240, except the delay was slightly longer than at 370 (data not shown).
The difference in isotope ratio between phosphatidylethanolamine and Tnp-phosphatidylethanolamine does not result from the effects of possible impurities. These lipids were isolated after one-dimensional thin-layer chromatography and they were then deacylated and the water-soluble derivatives were chromatographed on paper. Radioactivity was found to chromatograph only with the deacylated derivatives of phos- phatidylethanolamine and Tnp-phosphatidylethanolamine (data not shown).
Newly Synthesized Phosphatidylethanolamine Is Found on the Cytoplasmic Side of the Membrane. A culture of B. megaterium, uniformly labeled by growth in the presence of 32P,,was pulse-labeled for 4 min at 210 by the addition of [2- 3H]glycerol to the growth medium. Then, the cells were incubated with TNBS for 2 hr at 30, a condition that results in the modification of all external phosphatidylethanolamine but not internal phosphatidylethanolamine (4) . The phosphatidylethanolamine and Tnp-phosphatidylethanolamine were isolated from two-dimensional thin-layer chromatograms (Fig.  2) . To provide an additional step of purification, the spots containing phosphatidylethanolamine and Tnp-phosphatidylethanolamine were separately eluted from the thin-layer plate and were deacylated, and the resulting water-soluble derivatives were then subjected to paper chromatography.
The results for internal (phoshatidylethanolamine) and external (Tnp-phosphatidylethanolamine) pools were dramatically different (Fig. 3) . The 3H label, derived from the pulse of [2-3H] glycerol, was found only in glycerophosphorylethanolamine (upper panel) derived from the inner layer of the membrane, whereas the trinitrophenyl derivative, from the external layer, contained almost no 3H (lower panel).
Therefore, it appears that the biosynthesis of phosphatidylethanolamine is asymmetrical-newly synthesized phosphatidylethanolamine is found only on the cytoplasmic side of the membrane.
External Phosphatidylethanolamine Is Derived from Internal Phosphatidylethanolamine. If the biosynthesis of phosphatidylethanolamine were restricted to the cytoplasmic side of the membrane, external phosphatidylethanolamine would have to be derived from an internal pool of phosphatidylethanolamine. This can be tested by following the fate of pulse-labeled phosphatidylethanolamine during a period of chase.
A culture of cells, uniformly labeled with 32P1, was pulselabeled by the addition of [2-3H] glycerol to the medium. After 5 min at 24°, a large excess of nonradioactive glycerol was added, and incubation was continued. After 30 min of this chase, the cells were washed and were then incubated with TNBS at 30 for 2 hr to modify all of the external phosphatidylethanolamine, and the lipids were analyzed (Fig. 4) Fig. 3 and were pulse-labeled at 240 by the addition of [2-3H] glycerol (20 ,4M) to the growth medium. After 5 min at 240, excess nonradioactive glycerol (80 mM) was added, and the incubation was continued for another 30 min. The cells were then chilled on ice and processed (see Materials and Methods). Symbols are as in Fig. 3 . NH2OH (20 mM) and unlabeled glycerol (80 mM) were added to inhibit subsequent synthesis of phosphatidylethanolamine. Incubation was continued at 240. Then, at 2 and 30 min after the addition of NH2OH, portions (3.0 ml) of the culture were chilled to 00, modified with TNBS, and analyzed as described in Materials and Methods. The isotope ratios (3H/32P) of deacylated phosphatidylethanolamine (internal) and deacylated Tnp-phosphatidylethanolamine (external) are shown, as determined from the peak fraction in the paper chromatogram of each of these deacylated lipids, for both the 2-and 30-min samples. The error bar represents the standard deviation of the isotope ratio expected on the basis of inherent statistical error in the liquid scintillation counting; it does not represent an accumulated error determined from independent experiments. period of chase. This decrease should be balanced by a corresponding increase in the specific radioactivity (3H/32P) of the external (Tnp-phosphatidylethanolamine) pool. Unfortunately, the specific radioactivity of total phosphatidylethanolamine increases slightly during a chase with glycerol. The isotope ratio of total phosphatidylethanolamine was 0.27 and 0.34 after 0.5 and 30 min of chase, respectively, for the experiment shown in Fig. 4 . The inefficient chase with glycerol presumably was the result of the presence of a significant intracellular pool of glycerol or one of its metabolites; it has not been investigated further.
In order to cause a more immediate cessation of the incorporation of radioactivity into phosphatidylethanolamine, an inhibitor of phosphatidylserine decarboxylase was used. This enzyme (6) catalyzes the decarboxylation of phosphatidylserine, the terminal step in the biosynthesis of phosphatidylethanolamine in E. coli (7) . The enzyme can be quantitatively inhibited with hydroxylamine (6) and has been demonstrated in extracts of Bacillus (8) .
Incubation of B. megaterium cells with 25 mM hydroxylamine at 240 results in the complete (>99.8%) inhibition of phosphatidylethanolamine biosynthesis within 2 min. At the same time, phosphatidylserine accumulates to levels equivalent to the amount of phosphatidylethanolamine that would have been synthesized in the absence of hydroxylamine. The rate of phosphatidylglycerol biosynthesis, however, is depressed only slightly by hydroxylamine (unpublished data). Fig. 5 shows the results of an experiment in which the incorporation of [2-3H] glycerol into newly synthesized phosphatidylethanolamine was stopped with hydroxylamine. The specific radioactivity of the internal pool decreased by about 38% between 2 and 30 min, and the specific radioactivity of the external pool increased until it nearly equaled that of the internal pool. A decrease of 33% in the specific radioactivity of the internal pool would be expected if this pool were to equilibrate with or give rise to the external pool because, in the steady state, 33% of the total phosphatidylethanolamine is external (4) .
It would appear that molecules of phosphatidylethanolamine made on the cytoplasmic side of the membrane are rapidly translocated to the external surface. The loss of radioactivity from the internal pool is not due to turnover of phosphatidylethanolamine, since only 5% of total phosphatidylethanolamine turns over during four generations of exponential growth (data not shown). Moreover, the same apparent redistribution has been observed in experiments with 32P as the pulse label (data not shown).
When pulse-labeled cells were kept at 0°for 3 hr before modification with TNBS, essentially all of the newly synthesized phosphatidylethanolamine was still found in the internal pool (data not shown), indicating that the redistribution phenomenon proceeds at a negligible rate at this temperature. Indeed, it is the lack of redistribution at low temperatures which permitted many of the experiments reported here. The redistribution process ceases when the specific radioactivities of internal and external pools have equalized, since the two pools have the same isotope ratios after 30 min and also after 45 min of chase (data not shown). Thus, the redistribution of pulse-labeled phosphatidylethanolamine exhibits the characteristics of a rapid transmembrane isotopic equilibration.
Studies of B. subtilis have revealed a similar redistribution process in this organism, indicating the general nature of this phenomenon. However, the redistribution process is faster in B. subtilis, with a half-time of about 1.5 min at 250 (unpublished data).
DISCUSSION
Topological Constraints in Membrane Assembly. The biosynthesis of phosphatidylethanolamine, and phospholipids generally, requires sources of metabolic energy and watersoluble intermediates (7) such as glycerophosphate, serine, and cytidine triphosphate that are found in the cytoplasm. Presumably, steps that require metabolic energy or water-soluble intermediates must be catalyzed on the cytoplasmic side of the membrane (1, 3, 9, 10 ). The lack of spontaneous transbilayer diffusion through the lipid bilayer [flip-flop (11)] on a time scale compatible with bacterial growth would then indicate the need for some special mechanism for the export of cytoplasmically made lipids to account for the growth of the external monolayer of the lipid bilayer. The experiments presented in this paper strongly support this line of reasoning.
Studies on the biosynthesis of peptidoglycan (12) and lipopolysaccharide (13) , however, have clearly indicated that late stages in the biosynthesis of these bacterial constituents are catalyzed by membranes at the external surface; however, these external steps utilize membrane-bound energy-rich intermediates. Accordingly, certain steps in the biosynthesis of phospholipids that do not require a direct source of metabolic energy or low-molecular-weight, water-soluble intermediates might conceivably be catalyzed by enzymes at the external face of the membrane.
Rapid Transmembrane Movement of Cytoplasmically Synthesized Phospholipids. Our findings indicate that phosphatidylethanolamine is manufactured in an internal pool which is exported to the external surface well after biosynthesis. Newly synthesized phospholipids are found in association with the cytoplasmic membrane of B. megaterium (8, 14) , and the enzymes of phospholipid biosynthesis are, with one exception (15) , all membrane proteins (8, 16, 17) . Therefore, it seems likely that the internal pool in which newly synthesized phospholipids are found is part of the cytoplasmic side of the plasma membrane.
In addition to the plasma membrane, Gram-positive bacteria such as B. megaterium possess structures, called "mesosomes," that consist of a complex arrangement of folds of the plasma membrane (18) . It is not inconceivable that these structures are somehow involved in the export process. However, newly synthesized lipid is known to be dispersed throughout the entire cell surface within a period of time less than that required for export, under conditions such that mesosomes are restricted to a central zone (19) .
Export of new phospholipid from a pool associated with the cytoplasmic face of the membrane to its extracellular face is the equivalent of transmembrane movement. Transmembrane movement of the new phosphatidylethanolamine occurs after its biosynthesis, so that the translocation event is not coincident with covalent bond formation. Given the extremely high rate of lateral diffusion of phospholipids in membranes (20, 21) , it would then be anticipated that new and preexistent phosphatidylethanolamine would mix rapidly on the cytoplasmic side of the membrane unless a special barrier to such diffusion exists. Thus, the translocating mechanism (operating more slowly than lateral diffusion) would be unable to distinguish new from old phosphatidylethanolamine.
None of the experiments presented can rule out the unlikely possibility that the pool of newly synthesized phosphatidylethanolamine, thought to be internal, is actually external, is small in total amount, is inaccessible to TNBS, and, furthermore, is prevented from lateral equilibration with the bulk of external phosphatidylethanolamine. megaterium is about 3 min at 370 and 5 min at 240 (not shown). In contrast, the process of flip-flop could not be detected in viral (22, 23) or model membranes (24) (25) (26) . Indeed, the transmembrane movement of phosphatidylethanolamine in B. megaterium is at least 30,000 times faster than spontaneous diffusion of phosphatidylethanolamine in an artificial lipid bilayer (26) and is therefore difficult to explain as a spontaneous event (3, 10 highly specific, allowing mainly one-for-one exchange of phosphatidylethanolamine molecules across the membrane (with little net movements) to minimize the rate of loss of asymmetry. Asymmetry would then be maintained kinetically, present only during cell growth when there is a continual "source" of asymmetry, that being the exclusive insertion of phospholipids on the cytoplasmic side of the membrane. Unstable asymmetry could, however, be maintained in the absence of cell growth provided that the translocation mechanism permits only one-for-one exchange of phosphatidylethanolamine or is inoperative in stationary cells. An asymmetrical distribution would result whenever the net rate of outward movement of new phosphatidylethanolamine is unequal to exactly one-half of the rate of biosynthesis. The source of energy for the creatiop of an unstable asymmetry in which there is more external than internal phospholipid could be as simple as the large amount of surface free energy associated with a highly compressed cytoplasmic lipid monolayer during cell growth.
Alternatively, the asymmetrical distribution of phosphatidylethanolamine could be a stable one, maintained by equilibrium differences in free energy between the two sides of the membrane, the result of other membrane components, differences in the medium on the two sides of the membrane, or even an energy-requiring phospholipid "pump." This would place no obvious constraints on the specificity of the translocation process.
Summary. It appears that the formation of phosphatidylethanolamine from cytoplasmic components places topological constraints on the mode of origin of external phospholipid. Phosphatidylethanolamine is synthesized on the cytoplasmic side of the membrane and crosses the membrane at a rapid rate, probably by a special mechanism, to form the external monolayer. It seems likely that other bacterial phospholipids are similarly translocated. Indeed, rapid transmembrane movement may also be an essential requirement for the assembly of lipid bilayers in higher cells. It can be anticipated (3, 10) that membranes capable of phospholipid biosynthesis and growth, such as bacterial and endoplasmic reticulum membranes (27) , should have rapid rates of transmembrane movement of phospholipid, representing a special mechanism used in membrane assembly. On the other hand, biological membranes not capable of growth, such as erythrocyte and viral membranes, are known to have much slower rates of transmembrane movement (22, 23, 28, 29) , possibly representing the partial loss or absence of that special mechanism.
